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A B S T R A C T   
Understanding the processes that lead to the lithosphere thinning is a key aspect of continental geology research. 
In this paper, we present essential observations and summarize our understandings on the lithosphere thinning 
and accompanying magmatism in eastern continental China since the Mesozoic as a straightforward consequence 
of plate tectonics. We show that the lithosphere thinning in the Mesozoic resulted from basal hydration weak-
ening with the water coming from dehydration of the paleo-Pacific plate in the mantle transition zone. The 
weakening effect is to convert the basal lithosphere into asthenosphere by reducing its viscosity, having thus 
thinned the lithosphere while triggering mantle melting and crustal magmatism marked by the widespread 
Mesozoic basalts and granitoids in space and time. These observations and logical reasoning require the existence 
and effect of subducted paleo-Pacific plate in the mantle transition zone, whose active subduction ended at ~ 90 
Ma with the suture located off the continental China marked by the arc-shaped southeast coastline. As a result, 
the thinned lithosphere began a 40-Myr period (i.e., ~ 90 to ~ 50 Ma) of basal accretion manifested by 
compositional systematics of basalts erupted in this period. The initiation of the present-day western Pacific 
subduction at ~ 50 Ma and its eastward retreat caused eastward drift of continental China, leaving the older 
portions of the present-day Pacific slab stagnant in the mantle transition zone with resumed water supply in the 
form of hydrous melt to maintain the thinned lithosphere, which is the same as creating and maintaining the 
oceanic-type seismic low velocity zone (LVZ) beneath eastern China, responsible for the Cenozoic alkali basalt 
volcanism in the region. That is, the present-day lithosphere-asthenosphere boundary (LAB) beneath eastern 
China is a petrological boundary, either as an amphibole dehydration solidus or water-saturated solidus. As 
predicted, the Cenozoic alkali basalts in eastern China demonstrate that lithosphere thickness (i.e., the LAB 
depth) controls the compositions of mantle melts, i.e., the lid effect. The latter further confirms the LAB beneath 
eastern China as a solidus, below which decompression melting happens, and above which melt solidifies or 
ascends rapidly to the surface. 
Our studies thus lead us to the unavoidable conclusion that the lithosphere thinning in the Mesozoic, the 
present-day LAB, the seismic LVZ and the widespread Mesozoic-Cenozoic magmatism in eastern China are all 
consequences of plate tectonics in response to paleo-Pacific plate subduction, which is of global significance for 
understanding intra-continental magmatism at present and in Earth’s histories.   
1. Introduction 
Continents, especially stable cratons, are ancient (Archean or Pro-
terozoic), thick (~ 200 km) and cold (~ 45 mW/m2) with a refractory 
and dry sub-continental lithospheric mantle (SCLM) (Boyd and Nixon, 
1975; Griffin et al., 1999; Lee et al., 2011). Compared with the rheo-
logically weak convective asthenosphere, the SCLM is rigid with 
conductive geotherms (McKenzie and Bickle, 1988). It is geochemically 
depleted (low CaO, FeO and Al2O3 but high MgO) with low density and 
is thus buoyant and isolated from the convective asthenosphere, which 
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ensures the stability of continents over billion-year timescales (O'Reilly 
et al., 2009). However, several continental regions are known to have 
experienced lithosphere thinning in the Phanerozoic, accompanied by 
intense intra-continental tectonic deformation and magmatism (e.g., 
western and central Europe, eastern Australia, western USA and eastern 
China). To understand the lithosphere thinning is thus significant for 
understanding the evolution history of the continents we live on and the 
origin of intra-continental magmatism. 
The widespread Mesozoic-Cenozoic magmatism in eastern China 
makes this vast region an ideal place to study what may have actually 
caused the lithosphere thinning (Fig. 1). The existence of Paleozoic 
diamondiferous kimberlites in eastern China indicates a thick (~ 200 
km) lithosphere in the Paleozoic (Griffin et al., 1998; Li et al., 2011; Lu 
et al., 1995), in contrast with the thin (~ 60–100 km) present-day 
lithosphere to the east of the Great Gradient Line (GGL) which marks 
a sharp contrast between western and eastern China in topography, 
gravity anomaly, heat flow, crust thickness and the SCLM thickness 
(Chen et al., 2008; Niu, 2005; Xu, 2007) (Fig. 2). These observations 
indicate that the mantle lithosphere of eastern China to the east of the 
GGL must have been thinned, which is inferred to have happened in the 
Mesozoic from the widespread Mesozoic tectonomagmatic activities in 
the vast region (Fan et al., 2000; Gao et al., 2002, 2004; Griffin et al., 
1998; Li et al., 2019; Liu et al., 2019; Menzies et al., 1993; Suo et al., 
2020; Wang et al., 2021; Wu et al., 2019; Xu, 2001; Zhang et al., 2017). 
With the removal of the thick, cold and depleted Archean lithospheric 
mantle, the present-day mantle lithosphere is thin and is perceived to be 
newly accreted with the properties of being hot and compositionally 
more fertile (Chu et al., 2009; Fan et al., 2000; Menzies et al., 2007; Wu 
et al., 2003; Ying et al., 2006; Zheng et al., 2006). 
In this paper, we present essential geological observations and 
summarize our understandings on the lithosphere thinning and the 
accompanying magmatism in eastern continental China since the 
Mesozoic. We illustrate that the lithosphere thinning in the Mesozoic, 
the present-day lithosphere-asthenosphere boundary (LAB), the 
oceanic-type seismic low velocity zone (LVZ) and the widespread 
Mesozoic-Cenozoic magmatism in eastern China are straightforward 
consequences of plate tectonics (Niu, 2005). 
2. Geological background of eastern China 
The continental China achieved its final amalgamation in the late 
Triassic as the result of continental collision of the Yangtze craton 
against the North China Craton (NCC), forming the Qinling-Dabie 
orogenic belt in east-central China (Dong et al., 2011) (Fig. 1). Since 
the early Jurassic, the paleo-Pacific plate started to subduct beneath 
eastern China (Engebretson et al., 1985). Extensive basaltic and granitic 
magmatism happened in eastern China during the Jurassic to early 
Cretaceous period (Fig. 1). However, magmatism is essentially absent 
during ~90–50 Ma, and only a few volumetrically small basaltic erup-
tions of this age are scattered in the vast region (Kuang et al., 2012b; Lu 
et al., 2012; Wang et al., 2006; Xu et al., 2012a; Yan et al., 2005). The 
alkaline basaltic volcanism began widespread in eastern China since 
~50 Ma, clearly after the initiation of the present-day western Pacific 
subduction at ~50 Ma (Moberly, 1972). These Cenozoic basalts are 
spatially associated with regional faults (Fig. 1) and contain abundant 
mantle xenoliths and clinopyroxene megacrysts of high-pressure origin 
(Song et al., 1990; Sun et al., 2018, 2020; Zhi et al., 1990). 
3. Lithosphere thinning in the late Mesozoic 
Many models have been proposed to explain the lithosphere thinning 
in the late Mesozoic, e.g., large-scale delamination of lithospheric 
mantle (Gao et al., 1998, 2004; Wu et al., 2005) and thermal-mechanical 
erosion by underlying asthenospheric mantle or mantle plumes (Deng 
et al., 2004; Griffin et al., 1998; Xu, 2001). Both models have been 
popular and may still be convenient for many, but Niu (2005, 2006) 
pointed out that these models are geologically and physically flawed. 
The “delamination” model suggests the foundering of the eclogitic lower 
crust together with the underlying lithospheric mantle (Gao et al., 1998, 
2004). However, because ancient subcontinental lithospheric mantle is 
compositionally depleted (high MgO, low FeO and Al2O3) and physically 
buoyant (Jordan, 1978, 1988), it is physically difficult for the buoyant 
lithosphere to “delaminate” and sink into the underlying dense 
asthenosphere (Niu, 2005, 2006). The “thermal-mechanical erosion” 
model also fails because there is no evidence of thermal anomalies (e.g., 


































































Fig. 1. Distribution of Jurassic-Cretaceous granitoids and volcanic rocks and 
Cenozoic basalts in eastern continental China. The rectangle highlights an area 
(see Fig. 10a) where Cenozoic basalts are distributed across the Great Gradient 
Line (GGL) which marks a steep gradient between western and eastern China in 
topography, gravity anomaly, heat flow, crust thickness and lithosphere 
thickness (see Fig. 2). The numbers in dark blue solid circles indicate the lo-
cations of Cenozoic basalts containing clinopyroxene megacrysts: 1, Kuandian; 
2, Dalinor; 3, Damaping; 4, Yangyuan; 5, Penglai; 6, Changle; 7, Nushan; 8, 
Xiadai; 9, Mingxi; 10, Jiucaidi. This figure is modified from literature (Sun 
et al., 2017; Wang et al., 2014a, 2014b; Wang et al., 2008; Xu et al., 2013). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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mantle beneath eastern China in the Mesozoic (Wu et al., 2019). Even if 
there were mantle plumes, their thermal-mechanical erosion may have 
limited effect in thinning the lithosphere (Wang et al., 2015a, 2015b). 
For example, mantle plumes have been proposed to have impinged on or 
underlain the African lithosphere, yet the lithosphere there is essentially 
intact except for weakening on limited scales associated with active rift 
zones or ancient sutures (Niu, 2006, 2009). A literature search readily 
reveals that wherever the idea of “lithosphere delamination” is invoked, 
oceanic lithosphere subduction is ongoing either simultaneously or 
shortly beforehand, such as the southern Andes, the western USA, the 
western Mediterranean and Tibet, suggesting the potential effect of 
water supplied via seafloor subduction. The logical reasoning is that the 
African lithosphere could be “delaminated” if there were water intro-
duced, but its closest plate boundaries are ocean ridges, not subduction 
zones that can supply needed water to thin the lithosphere. This 
understanding and the recognition of the older portions of the present- 
day Pacific plate stagnant in the mantle transition zones beneath 
eastern China (Kárason and Hilst, 2000) convinced Niu (2005) the sig-
nificance of water in facilitating lithosphere weakening and thinning. 
While there is no present-day evidence for the existence of seafloor slabs 
in the mantle transition zone beneath eastern China in the Mesozoic, its 
existence is in fact required by the widespread Mesozoic granitoids in 
space and time (Niu et al., 2015; see below). The above analysis led to, 
among all the possibilities, the most logical hypothesis of basal hydra-
tion weakening as an effective mechanism to have caused the litho-
sphere thinning by means of converting the basal portions of the 
lithosphere into asthenosphere in its physical properties (i.e., the 
reduced viscosity and thus weakened strength) as elaborated below 
(Hirth and Kohlstedt, 1996, 2004; Karato, 2010; Niu, 2005, 2006, 2014; 
Niu et al., 2015). 
Fig. 2. Sharp contrast between eastern and western China across the Great Gradient Line (GGL) as indicted by the arrowed black dashed line in topography (a), crust 
thickness (b), Bouguer gravity anomaly (c) and lithosphere thickness (d). Compared with western China, eastern China has lower elevation, thinner crust, higher 
Bouguer gravity anomaly and thinner lithosphere. Fig. 2a, b and d are made using GMT (Wessel et al., 2013) and models of global ocean and land terrain (htt 
ps://www.gebco.net/), crustal 1.0 (Laske et al., 2013) and CAM2016Litho (Priestley et al., 2019), respectively. The model data of crust and lithosphere thick-
ness are downloaded from IRIS Earth Model Collaboration (EMC) (https://ds.iris.edu/ds/products/emc/). Fig. 2c is made using the WGM2012 model (Balmino et al., 
2012) online (http://bgi.obs-mip.fr/data-products/outils/wgm2012-maps-visualizationextraction/). 
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3.1. “Basal hydration weakening” caused the lithosphere thinning 
Ancient continental lithospheric mantle is physically cold, rigid and 
dry with high viscosity, in contrast to the hot, plastic and less viscous 
asthenospheric mantle (Jordan, 1978; Lee et al., 2011; Peslier et al., 
2010). Therefore, lithosphere thinning can be achieved by converting 
the basal lithosphere into asthenosphere by reducing the viscosity 
(Fig. 3a). Two probable methods can theoretically achieve such con-
version: (1) the less effective basal heating (see above) and (2) the more 
effective basal hydration (Niu, 2005). Seismic tomography shows that 
the subducted paleo-Pacific plate lies horizontally in the mantle transi-
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Fig. 3. (a) Cartoon illustrating the model of “basal hydration weakening” to cause the lithosphere thinning (Niu, 2005). Modified from Niu (2014). (b) Calculated 
effective viscosities of the upper mantle at varying olivine H2O contents versus depths, using a shear stress of 0.3 MPa and a cratonic geotherm (40 mW/m2). The pink 
shaded area shows the effective viscosities of the asthenospheric mantle (Craig and McKenzie, 1986; Hirth and Kohlstedt, 1996, 2004; Pollitz et al., 1998), with the 
average viscosity (~ 5 × 108 Pa S) indicated by the vertical red line. The black arrow indicates that adding small amount (e.g., ~ 100 ppm) of H2O into olivine of the 
dry lithosphere can adequately change it into less viscous asthenosphere, resulting in lithosphere thinning. (c) Calculated effective viscosities of the upper mantle at 
varying olivine H2O contents versus depths, using a shear stress of 0.3 MPa and a steeper Cenozoic geotherm (80 mW/m2; Menzies et al., 2007). Once the water 
content in the asthenosphere reduces with no continuous water supply, the viscosity of the uppermost asthenosphere will increase as indicated by the purple arrow 
and thus cause lithosphere thickening by basal accretion of asthenospheric materials, i.e., the reverse of lithosphere thinning by basal hydration weakening. The 
mantle viscosities at various H2O conditions were calculated using the equations and parameters in Liu et al. (2008a, 2008b). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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reaching the GGL (Kárason and Hilst, 2000; Li et al., 2008a, 2008b; Liu 
et al., 2017a, 2017b; Zhao, 2004; Zhao and Ohtani, 2009). The presence 
of this cold slab in the mantle transition zone prevents any hot mantle 
plume arising from the lower mantle into the upper mantle beneath 
eastern China. Also, this slab is cold and is a heat sink, not heat source, 
hence providing no excess heat to thin the lithosphere by “basal heating” 
(Niu, 2005). 
Subduction zone dehydration is likely incomplete as revealed by 
studies of subduction zone metamorphic rocks of sedimentary and 
basaltic protoliths (Niu, 2004; Sheng et al., 2007; Xia et al., 2005; Xiao 
et al., 2013). In addition, serpentinized peridotites atop the oceanic 
lithospheric mantle contain up to 13 wt% H2O and are stable up to 7.5 
GPa (Ulmer and Trommsdorff, 1995) before their tansformation into 
dense hydrous magnesium silicates at higher pressures. Therefore, the 
stagnant paleo-Pacific plate in the mantle transition zone is predicted to 
be an important H2O reservoir (Niu, 2005, 2014; Xia et al., 2019). 
Indeed, studies of the eastern China basalts suggest significant contri-
bution of H2O from the hydrous mantle transition zone (Chen et al., 
2015, 2017; Geng et al., 2019; Liu et al., 2015; Liu et al., 2017a, 2017b; 
Xia et al., 2013). Water released from this cold slab because of thermal 
equilibrium with the ambient mantle can migrate upward as H2O-rich 
silicate melts, and they will weaken the base of lithospheric mantle and 
convert it into asthenosphere by reducing its viscosity (Li et al., 2008a, 
2008b; Liao et al., 2017; Niu, 2005; Wang et al., 2014a, 2014b) (Fig. 3a). 
Fig. 3b illustrates that with a cratonic geotherm (~ 40 mW/m2), adding 
~100 ppm H2O to olivine of the dry lithospheric mantle can reduce its 
viscosity by more than 1 order of magnitude, and addition of ~200 ppm 
H2O can effectively reduce the viscosity by 2 orders of magnitude 
without even considering the weakening effect on between-grain 
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Fig. 4. Comparison between >110 Ma and <110 Ma basalts in eastern China in terms of Sr-Nd isotopes (a & b), [Nb/Th]N (primitive mantle normalized Nb/Th) (c) 
and Pb/Pb* = 2 × PbN/[CeN + PrN] (d). For comparison, the Sr-Nd isotope compositions of the mantle xenoliths in Paleozoic diamondiferous kimberlites and those in 
early Cretaceous basaltic rocks (indicated by the blue filled area) are also plotted. The basalt data used in these and following diagrams are in Supplementary Tables. 
Data source: > 110 Ma basalts (Fan et al., 2004; Gao et al., 2008; Guo et al., 2007; Liu et al., 2014; Liu et al., 2008a; Ma et al., 2014, 2016; Wang et al., 2005; Yang 
et al., 2004; Yang and Li, 2008; Zhang et al., 2002, 2003), < 110 Ma basalts (Basu et al., 1991; Chen and Peng, 1988; Chen et al., 2007; Chu et al., 2017; Dostal et al., 
1991; Fan and Hooper, 1991; Guo et al., 2005; Guo et al., 2016, 2020; Ho et al., 2003; Huang et al., 2013; Kuang et al., 2012a, 2012b; Lee et al., 2006; Li et al., 2017a; 
Liu et al., 1992, 1994; Lu et al., 2012; Ma and Xu, 2004; Meng et al., 2006; Pang et al., 2019; Peng et al., 1986; Qi et al., 1994; Sakuyama et al., 2013; Sun et al., 2017, 
2020; Wang et al., 2006, 2007; Wang et al., 2015a, 2015b; Wang et al., 2011; Xie et al., 1990; Xu et al., 2012a; Xu et al., 2012b; Yan et al., 2003, 2005; Yang et al., 
2012; Yang and Li, 2008; Zhang et al., 2003; Zhang et al., 2006; Zhang and Zheng, 2003; Zhang et al., 2008b; Zou et al., 2000), mantle xenoliths (Wu et al., 2006; Xu 
et al., 2010; Zhang et al., 2007, 2008a; Zheng and Lu, 1999). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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highly viscous (strong) lithosphere into less viscous (weak) astheno-
sphere, resulting in lithosphere thinning. 
3.2. Geochemical characteristics of the Jurassic-early Cretaceous (> 110 
Ma) volcanic rocks suggest partial melting of the lithospheric mantle 
The lithosphere thinning in the Mesozoic was accompanied by 
widespread volcanic activities (Fig. 1). These volcanic rocks show 
compositional distinction between those erupted before and after ~110 
Ma (Liu et al., 2008b; Meng et al., 2015; Xu et al., 2004). The >110 Ma 
volcanic rocks show generally enriched Sr-Nd isotope compositions with 
εNd < 0, in contrast to the isotopically depleted <110 Ma basaltic 
volcanism with εNd > 0 (Fig. 4a & b). Such age-dependent compositional 
difference of the eastern China basalts is evident with minor exceptions. 
For example, some ~120 Ma lamprophyres in the Jiaodong Peninsula 
show depleted Sr-Nd isotope compositions with εNd > 0 (Ma et al., 2014, 
2016), and some <110 Ma volcanic rocks from Zhucheng and Laiyang 
Basin (also in the Jiaodong Peninsula) show enriched Sr-Nd isotope 
compositions with εNd < 0 (Guo et al., 2005; Meng et al., 2006) (Fig. 4b). 
The Sr-Nd isotope compositions of >110 Ma basalts resemble those 
of mantle xenoliths (peridotites and pyroxenites) associated with the 
Paleozoic diamondiferous kimberlites and the early Cretaceous basaltic 
rocks (Fig. 4a), which represent the lithospheric mantle materials 
before/during the lithosphere thinning. These basalts are thus best un-
derstood as originating from the ancient isotopically enriched litho-
spheric mantle (Guo et al., 2014; Liu et al., 2019; Niu, 2005; Xu, 2001; 
Zhang et al., 2002). Furthermore, these basalts show “Arc-like” trace 
element characteristics with negative anomalies of high field strength 
elements (HFSEs; e.g., Nb, Ta and Ti) and positive Pb anomaly, which 
were also observed in the mantle xenoliths representing ancient litho-
spheric mantle (Wu et al., 2006; Xu et al., 2010; Zhang et al., 2008a; 
Zheng et al., 2001). This is shown in Fig. 4c & d with >110 Ma basalts 
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Fig. 5. The global upper mantle seismic tomography at 100 km and 150 km depths with the Great Gradient Line (GGL) crossing the Chinese continent shown by the 
black dashed arrow. To the east of the GGL, the upper mantle beneath the Chinese continent shows seismic low velocity that resembles the seismic structure of the 
upper mantle beneath young ocean floors. The tomographic maps are made using the model of S362ANI (Kustowski et al., 2008) and the Horizontal Slice Viewer of 
IRIS EMC (https://ds.iris.edu/dms/products/emc/horizontalSlice.html). 
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having [Nb/Th]N (primitive mantle normalized Nb/Th) generally <1 
and high Pb/Pb* (=2 × PbN/[CeN + PrN]). Therefore, the lithospheric 
mantle source of these basalts must have experienced subduction related 
melt/fluid enrichment in its histories, certainly long before the major 
melting event. The geochemical affinity between >110 Ma basalts and 
the ancient lithospheric mantle indicates a genetic link that these basalts 
originated from melting of the lithospheric mantle, and that the melting 
and thinning of the lithosphere are the two aspects of the same process, i. 
e., the very process of converting the lithosphere into the asthenosphere 
in response to the basal hydration weakening we envision (Niu, 2005; 
Niu et al., 2015). The sharp compositional change of the Mesozoic ba-
salts at ~110 Ma indicates that the lithosphere thinning was largely 
completed at ~110 Ma (Liu et al., 2019; Liu et al., 2008b; Meng et al., 
2015; Wu et al., 2019). 
3.3. Experimental petrology constraint on the Mesozoic lithosphere 
thinning 
Seismic tomography shows that the uppermost asthenospheric 
mantle at depth range of 100–150 km beneath eastern China is char-
acterized by an oceanic-type seismic low velocity zone (LVZ), which is 
also observed in continental regions with a thinned lithosphere (e.g., 
western USA and eastern Australia) (Fig. 5). Therefore, the thin litho-
sphere beneath these continental regions is very likely the product of 
LVZ formation. The formation of LVZ requires the presence of a small 
fraction of melt enriched in volatile components (e.g., H2O and CO2) in 
the asthenospheric mantle (Green et al., 2010; Green and Liebermann, 
1976; Kawakatsu et al., 2009; Niu and O'Hara, 2003; Niu et al., 2011; 
Sakamaki et al., 2013; Schmerr, 2012). Beneath eastern China, water 
released from the stagnant paleo-Pacific plate in the mantle transition 
zone can hydrate the overlying asthenospheric and lithospheric mantle, 
lower their solidus, cause incipient melting and form these hydrous 
melts, generating the LVZ atop the asthenosphere while leading to the 
Mesozoic lithosphere thinning (Niu, 2014). 
Experimental petrology by Green and co-workers (Green, 2015; 
Green and Liebermann, 1976; Green et al., 2010) provides evidence for 
the above statement. Fig. 6 illustrates the water-saturated (> 0.02 wt% 
H2O) mantle solidus at >30 kbar and the water-saturated (> 0.4 wt% 
H2O) and amphibole (pargasite) dehydration (0.02–0.4 wt% H2O) solidi 
at <30 kbar, respectively. Studies of the Mesozoic basalts in eastern 
China suggest ~1000 ppm H2O in the Mesozoic lithospheric mantle 
(Wang et al., 2020; Xia et al., 2013). By assuming this conclusion to be 
correct, we can infer a water-saturated solidus at >30 kbar and an 
amphibole dehydration solidus at <30 kbar for the Mesozoic upper 
mantle beneath eastern China. As discussed above, such high H2O 
content can significantly lower the viscosity of the lithospheric mantle, 
converting its basal portion into convective asthenospheric mantle 
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Fig. 6. A model (modified after Niu and Green, 2018) 
for the upper mantle beneath eastern continental 
China. This model is based on experimental petrology 
determined solidi and associated phase relationships 
(Green, 2015; Green et al., 2010). The cratonic geo-
therm (40 mW/m2) does not intersect the mantle 
solidus and joins the adiabat at greater depths (~ 250 
km). Partial melting begins when the geotherm in-
tersects the water-saturated solidus, and the enlarging 
partial melting area (the area above the water- 
saturated solidus and below the geotherm) with pro-
gressively steeper geotherm corresponds to progres-
sively higher extent of partial melting. Pargasite is 
stable under conditions of T ≤ ~ 1100 ◦C and P ≤ ~ 
30 kbar (~ 90 km). The present-day geotherm of 
eastern continental China (~ 60 mW/m2; Menzies 
et al., 2007; Xu, 2001) intersects the pargasite dehy-
dration solidus at ~90 km, below which the sub-
solidus mantle defines the lithosphere and above 
which an incipient melt phase is present, defining the 
seismic low velocity zone (LVZ) beneath eastern 
China. The continental conductive geotherms were 
modelled from the surface heat flow values using the 
method of Pollack and Chapman (1977). (For inter-
pretation of the references to colour in this figure 
legend, the reader is referred to the web version of 
this article.)   
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and result in a progressively steeper (higher dT/dP) geotherm beneath 
eastern China. Once the geotherm intersects the mantle solidus, the 
ancient lithospheric mantle material (especially those metasomatic 
dikes/veins with lower solidus temperatures) begins to melt. With the 
geotherm being progressively steeper, the partial melting area (the area 
above the water-saturated solidus and below the geotherm) enlarges and 
the extent of partial melting increases, producing voluminous hydrous 
melts whose eruption and underplating in the lower crust result in the 
widespread Mesozoic basaltic and granitoid magmatism (Fig. 6). 
3.4. Evidence for the existence of stagnant paleo-Pacific plate in the 
mantle transition zone in the Mesozoic 
Jurassic-Cretaceous granitoids are widespread in eastern China 
(Fig. 1), which span emplacement age from ~190 to ~90 Ma (Fig. 7). 
They are genetically related to the lithosphere thinning and is ultimately 
dictated by subduction of the paleo-Pacific plate along the eastern China 
continental margin in the Mesozoic (Cao et al., 2021; Niu et al., 2015; 
Wu et al., 2005; Xue et al., 2020; Ying et al., 2011; Zhou et al., 2006; Li 
et al., 2020). That is, these granitoids were derived from partial melting 
of lower continental crust caused by underplating of hydrous basaltic 
melts from the lithospheric mantle (Chen et al., 2013; Gao et al., 2019; 
He et al., 2010; Hong et al., 2018; Li et al., 2009, 2012; Xie et al., 2008; 
Yang et al., 2018; Zhao et al., 2016) or for the coastal granitoids in 
Southeast China near the Mesozoic subduction zone (Niu et al., 2015), 
from the asthenospheric mantle wedge (Guo et al., 2021; Li et al., 2014; 
Xue et al., 2020; Zhou and Li, 2000). The mafic dykes commonly seen in 
the Mesozoic granitoid plutons of similar ages with their host rocks best 
represent these mantle derived melts (e.g., Kong et al., 2019; Liu et al., 
2008a, 2008b; Ma et al., 2016). Therefore, the spatial and temporal 
distribution of these granitoids manifests the basaltic magmatism in 
space and time. Fig. 7 shows that the emplacement ages of these gran-
itoids show no systematic variation with their locations (longitude or 
shortest distance to the GGL), which means that these granitoids are 
randomly distributed in time (from ~190 to ~90 Ma) and space (a zone 
in excess of 1000 km wide in eastern China) (Fig. 7b). This indicates an 
areal distribution of mantle-derived melts beneath eastern China 
continent in the Mesozoic, thus pointing to an areally widespread 
stagnant oceanic plate in the mantle transition zone because these melts 
were genetically associated with the dehydration of the subducted 
oceanic slab (see above). Therefore, the paleo-Pacific plate must have 
existed in the Mesozoic mantle transition zone beneath eastern China at 
least since ~160 Ma (the oldest age of the westmost Mesozoic granitoid 
magmatism; Fig. 7) as a consequence of fast eastward drift of continental 
lithosphere in response to the trench retreat of the paleo- Pacific plate 
subduction in the Mesozoic (Niu, 2014). It should be noted that the 
Mesozoic volcanic rocks and granitoids are not limited to the east of the 
GGL, but also extend to the far west of the GGL (Figs. 1 & 7), indicating 
that the Mesozoic lithosphere thinning is not limited to the east of the 
GGL (Guo et al., 2014, 2018). We also emphasize that the Mesozoic 
lithosphere thinning was not limited to the North China Craton (NCC) as 
widely perceived, but occurred throughout entire eastern China as evi-
denced by the NNE-SSW GGL across the entire continental China (Li 
et al., 2015b; Niu, 2005, 2014; Xu, 2007), widespread Mesozoic basaltic 
and granitic magmatism in entire eastern China (Niu et al., 2015; Wu 
et al., 2005; Xu et al., 2013; Zhou et al., 2006) (Fig. 1), and young and 
fertile nature of the lithospheric mantle beneath entire eastern China 
(Fan et al., 2000; Liu et al., 2012; Tang et al., 2013; Wu et al., 2019; Xu 
et al., 2000; Zheng et al., 2004). 
3.5. Termination of the Mesozoic lithosphere thinning 
Because the Mesozoic granitoids in eastern China are products of the 
lithosphere thinning, the emplacement ages of these granitoids and their 
intensity reflect the intensity of lithosphere thinning. The histograms of 
emplacement ages in Fig. 7c indicate that the lithosphere thinning in 
eastern China began from ~190 Ma, reached a peak at ~140 Ma and 
terminated at ~90 Ma. The predicted ~90 Ma termination age is 
somehow younger than the ~110 Ma termination age predicted from 
the Mesozoic volcanic rocks (Fig. 4), but it should be noted that >89% of 
the Mesozoic granitoids are older than 110 Ma, indicating that the 
lithosphere thinning is essentially completed by this time. The question 
is what caused the final termination of lithosphere thinning and gran-
itoid magmatism at ~90 Ma? 
Because the Mesozoic lithosphere thinning and granitoid magmatism 
is genetically related with the dehydration of the stagnant paleo-Pacific 
plate in the mantle transition zone (see above), we can infer with con-
fidence that the dehydration of the mantle transition zone plate ceased 
at ~90 Ma with no continuous supply of oceanic plate, i.e., the sub-
duction of paleo-Pacific plate must have ceased at ~90 Ma. This infer-
ence is consistent with the observation that there is rare or essentially no 
magmatism in the vast region of west Pacific from ~90 to ~50 Ma. On 
the other hand, the presence of a few volumetrically small ~90–50 Ma 
magmatism in eastern China (Kuang et al., 2012b; Lu et al., 2012; Wang 
et al., 2006; Xu et al., 2012a; Yan et al., 2005) must reflect an anoma-
lously hydrous mantle source beneath these locations, which is 
confirmed by the recent study on the ~86–78 Ma mafic dykes in eastern 
China (Liu et al., 2020a, 2020b). Such H2O anomalies in the upper 
mantle are expected considering that the H2O distribution and the extent 
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Fig. 7. Plots of the ages of Jurassic-Cretaceous granitoids in eastern China against longitude (a) and the shortest distance to the Great Gradient Line (GGL) (b). The 
histogram with 10 Ma interval (c) shows the age distribution of the Mesozoic granitoid magmatism. Most of these granitoids were emplaced before 110 Ma as 
indicated by the purple arrow. Modified from Niu et al. (2015). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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heterogeneous (Xia et al., 2019). However, it is not straightforward to 
constrain the exact time of subduction cessation, considering that the 
last fragments of subducted paleo-Pacific plate would continue to 
dehydrate in the mantle transition zone for some time. We predict that 
the subduction cessation at ~90 Ma was caused by trench jam by exotic 
and unsubductable terranes (e.g., an oceanic plateau or most likely a 
micro-continent) with the suture located off the continental China 
marked by the arc-shaped southeast coastline (Niu et al., 2003, 2015), a 
hypothesis that needs future testing (Niu et al., 2017). 
4. Lithosphere evolution of eastern China during ~90–50 Ma 
A straightforward consequence of the subduction cessation is that 
dehydration of the mantle transition zone slab will diminish gradually, 
and the overlying convective asthenosphere will evolve from the water- 
saturated state to water-undersaturated or dry state as a result of mantle 
melting and melt extraction (Niu, 2020). The reduction of water content 
should be more significant in the uppermost asthenosphere, because the 
gradually decreasing amount of water released from last fragments of 
subducted oceanic plate would not be transported to the upper 
asthenosphere but be absorbed in the deeper asthenosphere (i.e., water- 
undersaturated with < ~ 200 ppm H2O) (Green et al., 2010; Kovács 
et al., 2012). Because of the water reduction and because of the thermal 
contraction caused by conductive heat loss to the surface (Stein and 
Stein, 1992), the viscosity of the uppermost asthenosphere will increase 
(Fig. 3c), and thus the uppermost asthenosphere will become thickening 
lithosphere through basal accretion, i.e., the reverse of lithosphere 
thinning caused by basal hydration weakening. Therefore, we infer that 
after the subduction cessation of the paleo-Pacific plate at ~90 Ma and 
before the initiation of the present-day western Pacific subduction at 
~50 Ma (Moberly, 1972), the lithospheric mantle beneath eastern China 
should be gradually thickened. This inference is consistent with the 
discovery of fertile and dry (e.g., < 50 ppm H2O; Li et al., 2015a) mantle 
peridotite xenoliths representing newly accreted lithospheric materials 
from the underlying asthenosphere in the 90–50 Ma basalts (Fan et al., 
2000; Wu et al., 2003; Yan et al., 2003; Ying et al., 2006; Zhao et al., 
2020). 
Studies on oceanic and continental intraplate basalts revealed that 
the lithosphere thickness has significant control on the depth of mantle 
decompression melting and melt extraction, i.e., the lid effect (Guo et al., 
2020; Humphreys and Niu, 2009; Niu et al., 2011; Sun et al., 2017, 
2020). Basalts extracted from beneath thick lithosphere show high- 
pressure signature with high MgO, FeO and low SiO2, Al2O3 and thus 
low SiO2/MgO, whereas basalts extracted from beneath thin lithosphere 
show low-pressure signature with low MgO, FeO and high SiO2, Al2O3 
and thus high SiO2/MgO. In addition, melts erupted on thick lithosphere 
are formed by low-degree melting mainly in the garnet peridotite facies, 
showing prominent “garnet signature” with low abundances of heavy 
rare earth elements (HREEs; e.g., Yb and Lu) and large fractionation 
between middle and heavy REEs (e.g., high Sm/Yb or Dy/Yb). Such 
“garnet signature” will be diluted during continuous decompression 
melting in the spinel peridotite facies beneath thin lithosphere, pro-
ducing melts with high abundances of HREEs and low Sm/Yb or Dy/Yb 
(Fig. 8). Therefore, if the lithospheric mantle of eastern China was 
gradually thickened during ~90–50 Ma as inferred above, we should 
observe progressively decreasing SiO2/MgO and more prominent 
“garnet signature” in the progressively younger mantle-derived melts. 
The few volumetrically small basaltic eruptions during ~90–50 Ma 
in northeast NCC (Kuang et al., 2012b; Lu et al., 2012; Wang et al., 2006; 
Xu et al., 2012a; Yan et al., 2005) provide a chance to test the above 
inference. With decreasing ages, these basalts show progressively more 
depleted Sr-Nd isotope compositions with εNd(t) > 0, which suggests 
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Fig. 8. Schematic illustration of the effect of lithosphere thickness on the compositional variation of intraplate basalts. Decompression melting begins when the 
adiabatically rising mantle intersects the solidus at P0 and stops when the upwelling melting mantle reaches the lithosphere-asthenosphere boundary (LAB) at Pf. 
Therefore, the LAB determines the final depth of melt extraction and mantle equilibration, and the melting extent depends on the decompression interval (P0 - Pf). The 
green layer beneath the LAB represents a melt rich layer formed by accumulation of upwelling incipient melts as indicated by the green arrowed wavy lines. Modified 
from Sun et al. (2020). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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progressively higher contribution of depleted asthenosphere matrix in 
these basalts or progressively decreasing amount of enriched ancient 
lithospheric material in the asthenospheric mantle (Fig. 9a & b). This is 
expected as a result of progressive extraction of enriched and fusible 
lithospheric component from the asthenosphere. In addition, these ba-
salts show increasing FeO and Dy/Yb and decreasing SiO2/MgO and 
HREE (e.g., Lu) with decreasing ages (Fig. 9c-f). Models of varying 
contributions of source heterogeneities (e.g., recycled oceanic crust and 
sediments) with time were proposed to explain the compositional vari-
ations of these basalts (Liu et al., 2017a, 2017b; Xu, 2014). While we do 
not deny the possible involvement of these source heterogeneities in the 
generation of these basalts, the temporal compositional variations of 
these basalts are to a first order consistent with progressively higher 
pressures of melt extraction and thus progressively thickened litho-
sphere during ~90–50 Ma. The temporal compositional variations of 
these basalts thus confirm our above inference that eastern China must 
have experienced lithosphere thickening after the subduction cessation 
of the paleo-Pacific plate at ~90 Ma. 
5. Cenozoic volcanism and its implication on the present-day 
lithosphere-asthenosphere boundary (LAB) 
5.1. Geochemical characteristics of the Cenozoic basalts 
The Cenozoic basalts in eastern China show depleted Sr-Nd isotope 
compositions with εNd(t) > 0, suggesting their derivation from the 
isotopically depleted asthenospheric mantle (Fig. 4a & b). However, 
these basalts are enriched in incompatible elements with OIB-like trace 
element characteristics (e.g., high [Nb/Th]N and low Pb/Pb*; Fig. 4c & 
d), and there is an apparent decoupling (lack of correlation) between 
incompatible elements and radiogenic Sr-Nd isotopes (Guo et al., 2016; 
Niu, 2005; Sun et al., 2017). The incompatible element enriched 
signature reflects that the asthenospheric mantle source must have been 





































































































Fig. 9. Temporal variation of the compositions of ~90–50 Ma basalts in eastern China. With decreasing ages, these basalts show decreasing 87Sr/86Sr(t) (a) and 
increasing εNd(t) (b), except for those from Daxizhuang in the Jiaodong Peninsula which show higher εNd(t) than basalts of similar ages. They also show increasing FeO 
and Dy/Yb and decreasing SiO2/MgO and HREE content (e.g., Lu) with decreasing ages (c-f), which is consistent with their extraction from beneath a gradually 
thickening lithosphere. Note that only basalts with Mg# > 0.6 are plotted in Fig. 9c-f in order to avoid the influence of fractional crystallization on the major and trace 
element compositions of these basalts. 
P. Sun et al.                                                                                                                                                                                                                                      
Earth-Science Reviews 218 (2021) 103680
11
event (Niu and O'Hara, 2003; Niu et al., 1996, 2002, 2012) (also see 
below), and the decoupling between radiogenic isotopes and incom-
patible elements indicates that this low-F melt metasomatism must 
happen recently (or currently) with limited time for radiogenic isotopic 
ingrowth (Guo et al., 2016; Niu, 2005; Sun et al., 2017, 2019). 
5.2. Generation of low-F metasomatic melt within the asthenosphere 
Since the initiation of the present-day western Pacific subduction at 
~50 Ma (Moberly, 1972), the Pacific plate has been subducted to and 
stagnant in the mantle transition zone beneath eastern China as has been 
seismically detected (Kárason and Hilst, 2000; Zhao, 2004; Zhao and 
Ohtani, 2009). The asthenospheric mantle overlying the mantle transi-
tion zone was thus rehydrated by water released from the stagnant 
oceanic plate and returned to the water-saturated state (> 200 ppm 
H2O). As revealed by the experimental petrology (Green et al., 2010), 
the 1450 ◦C adiabat intersects the water-saturated mantle solidus at 
~250 km, representing the initiation of mantle incipient melting. On the 
other hand, the present-day geotherm of eastern continental China (~ 
60 mW/m2; Menzies et al., 2007; Xu, 2001) intersects the amphibole 
dehydration solidus at ~90 km, above which an incipient melt is present 
and below which melt solidifies and crystallizes amphibole (Fig. 6). The 
above observation means that the asthenospheric mantle at the depth 
range of ~90–250 km beneath eastern continental China is a zone with 
incipient melting, producing low-F melts with high abundances of 
incompatible elements and volatiles (e.g., H2O and CO2) (Fig. 6) (Green, 
2015; Green and Falloon, 2005; Green et al., 2010; Niu and Green, 
2018). The zone with these low-F melts is rheologically weak with low 
viscosity and low seismic velocity, i.e., the LVZ beneath ocean basins 
and continental regions with thinned lithosphere (e.g., eastern China, 
eastern Australia and western USA) (Fig. 5) (Niu, 2014; Niu and O'Hara, 
2003; Niu et al., 2012). Furthermore, upward adiabatic migration of 
these low-F melts through percolation can metasomatize the ambient 
mantle, forming the incompatible elements enriched mantle source of 
the Cenozoic basalts in eastern China (Niu, 2005). These melts can also 
accumulate and form a melt rich layer at the lithosphere-asthenosphere 
boundary (LAB) (Niu and Green, 2018; Niu and O'Hara, 2009) (Fig. 8), 
which accounts for the sharp seismic discontinuity at the LAB beneath 
ocean basins (Kawakatsu et al., 2009; Schmerr, 2012) and beneath 
eastern China (Chen et al., 2006). In addition, enriched mantle com-
ponents with pyroxene-rich lithologies and lower solidus temperatures 
can experience higher extent of partial melting and further enhance the 
melt fractions at the LAB (Hirschmann, 2010; Liu et al., 2020a, 2020b). 
5.3. The present-day LAB beneath eastern continental China 
Experimental petrology and petrological studies of oceanic basalts 
revealed that the LAB beneath ocean basins is an amphibole dehydration 
solidus that marks the conductive lithosphere (amphibole-bearing 
peridotite) above and the less viscous convective asthenosphere (peri-
dotite + incipient melt) below (Green et al., 2010; Green and Lie-
bermann, 1976; Niu and Green, 2018; Niu et al., 2011). Amphibole 
(pargasite) is stable under conditions of T ≤ ~ 1100 ◦C and P ≤ ~ 30 
kbar (~ 90 km) (Fig. 6). The intersection of the oceanic intraplate 
geotherm with the amphibole dehydration solidus at ~90 km and the 
isobaric nature of the dehydration solidus at this depth explains the 
constant ~90 km LAB depth of >70 Ma oceanic lithosphere (Fig. 6) (Niu 
and Green, 2018; Niu et al., 2011). 
The LAB beneath most regions of eastern continental China is 
~80–100 km, except for a shallower LAB (~ 60–80 km) beneath regions 
around the Tanlu fault zone (An and Shi, 2006; Chen et al., 2006, 2008; 
Li et al., 2013). The ~80–100 km LAB resembles the ~90 km LAB 
beneath ocean basins with seafloor >70 Ma, implying that the LAB 
beneath most regions of eastern continental China is petrologically also 
an amphibole dehydration solidus. This is in fact expected since the 
present eastern continental China has an oceanic intraplate type 
geotherm (~ 60 mW/m2; Menzies et al., 2007; Xu, 2001) and a seismic 
LVZ atop the asthenosphere (Fig. 5), with the geotherm intersecting the 
amphibole dehydration solidus at ~90 km (point A in Fig. 6). Therefore, 
at >90 km, volatile-enriched silicate melts are present, characterizing 
the LVZ, whereas at <90 km, these melts solidify by crystallizing hy-
drous amphibole and phlogopite at the base of the lithospheric mantle, 
making the basal portion of lithosphere a geochemically enriched 
reservoir (Niu and O'Hara, 2003; Niu et al., 1996, 2002, 2012). 
However, the shallower (~ 60–80 km) LAB beneath regions around 
the Tanlu fault zone implies a water-saturated (> 0.4 wt% H2O) upper 
mantle at <30 kbar and thus the 60 mW/m2 geotherm intersecting the 
water-saturated solidus at shallower depth (point B in Fig. 6) or a water 
undersaturated (> 0.02, < 0.04 wt% H2O) upper mantle at <30 kbar but 
a steeper geotherm (e.g., 80 mW/m2; He, 2015) intersecting the 
amphibole dehydration solidus at shallower depth (point C in Fig. 6). We 
therefore conclude that the LAB beneath eastern continental China is 
petrologically a solidus - a water-saturated solidus or amphibole dehy-
dration solidus in places. 
5.4. Lithospheric lid effect on the compositional variation of the Cenozoic 
basalts 
The above inference that the LAB beneath eastern continental China 
is a solidus suggests that below the LAB a melt phase is present and 
above the LAB melt freezes or ascends rapidly to the surface. That is, the 
LAB determines the final depth (pressure) (Pf) of melt extraction or 
equilibration in the mantle, i.e., the lid effect mentioned above, which 
has been adequately proved by studies of the oceanic basalts (Hum-
phreys and Niu, 2009; Niu et al., 2011). However, to test the lid effect in 
continental settings is not straightforward because compared with the 
oceanic lithosphere whose thickness (L) can be well estimated from its 
age (t) using the half-cooling model (HSM) (L ∝ t1/2) (Stein and Stein, 
1992), the continental lithosphere thickness at any given location is 
unknown at the time of volcanism. 
The effective way to test the lid effect in continental settings is to use 
basalts erupted in a region with known varying lithosphere thickness. In 
eastern China, the Cenozoic basalts erupted on both sides of the GGL 
with a sharp contrast in lithosphere thickness make it possible to test the 
lid effect. The basalts in Chifeng-Xilin Hot (rectangle area in Fig. 1) are 
distributed along a ~ 260 km SE-NW traverse across the GGL with steep 
gradients in surface topography (~ 500 to 1500 m above the sea level) 
and lithosphere thickness (~ 80 to 120 km) (Fig. 10a & b) (Guo et al., 
2020). Importantly, from the southeast to the northwest, these basalts 
show decreasing Si72 and increasing Fe72, Ti72, P72, [La/Sm]N and [Sm/ 
Yb]N (Fig. 10c-h). The subscript “72” represents melt major element 
oxides corrected for the effect of low-pressure fractional crystallization 
to Mg# = 0.72 (see Niu et al., 1999; Niu and O’Hara, 2008). These 
spatial trends are the very lid effect, i.e., increasing melt extraction 
pressures (decreasing Si72 and increasing Fe72), decreasing extent of 
partial melting (increasing Ti72, P72 and [La/Sm]N) and stronger garnet 
signature (increasing [Sm/Yb]N) with increasing lithosphere thickness 
(Figs. 8 & 10). This finding is fundamentally important because it con-
firms the significant control of lithosphere thickness (i.e., the LAB depth) 
on the composition of continental basalts (Guo et al., 2020). This finding 
further demonstrates that the continental surface elevation is isostati-
cally balanced above a mantle depth that is deeper than the LAB on 
spatial scale of only ~250 km (Guo et al., 2020). 
In addition, given the thinned continental lithosphere and the 
widespread Cenozoic basaltic volcanism, eastern China is potentially the 
best test ground to substantiate the lid effect. To test this hypothesis is, 
however, challenging because, as mentioned above, it is difficult to es-
timate the LAB depth at the time of volcanism. Assuming the lithosphere 
thickness remains constant since the volcanism, the seismically detected 
present-day LAB depth could be used, but the tomographic LAB has low 
resolution (~ ±10 km) and is to some extent artificial. In this case, we 
choose to examine Cenozoic basalts in eastern continental China with 
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Fig. 10. Illustration of the effect of lithosphere thickness on the compositional variation of mantle-derived melts in intra-continent settings using basalts erupted on 
both sides of the Great Gradient Line (GGL) in Chifeng-Xilin Hot region of eastern China (Fig. 1) (a). These basalts are located along a ~ 260 km SE-NW traverse (A-B) 
with steep gradients in topography (~ 500–1500 m) and lithosphere thickness (~ 80–120 km) (b). Fig. 10a & b were modified from Guo et al. (2020). The X axis in 
Fig. 10c-h represents the shortest distance to the GGL. These basalts show decreasing Si72 (SiO2 content corrected for the effect of fractional crystallization to Mg# =
72 in equilibrium with mantle olivine) and increasing Fe72, P72, Ti72, [La/Sm]N (primitive mantle normalized La/Sm) and [Sm/Yb]N from the southeast to the 
northwest. Data are from Guo et al. (2016, 2020), Pang et al. (2019) and Wang et al. (2015a, 2015b). 
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abundant clinopyroxene (cpx) and rare garnet megacrysts whose equi-
librium pressure conditions at the time of the volcanism are estimated to 
be close to the LAB (Chen et al., 2009; Sun et al., 2020; Yu et al., 2019). 
Indeed, these megacrysts were most likely crystallized in the melt-rich 
layer close to the LAB (Fig. 8) which provides a stable and closed 
environment for generating these compositionally uniform megacrysts 
(Sun et al., 2020). The equilibrium pressures (or depths) of these meg-
acrysts thus approximate the LAB depths beneath eastern China. If this 
inference is true and if the lid effect indeed controls the compositions of 
the Cenozoic basalts in the entire eastern continental China, we should 
observe significant correlations between the equilibrium pressures of 
cpx megacrysts and basalt compositions. This is indeed true as shown in 
Fig. 11, which plots location-averaged compositions of basalts and 
equilibrium pressures of cpx megacrysts from ten localities throughout 
eastern China with a north-south spatial coverage of more than 2500 km 
(Fig. 1) (Sun et al., 2020). With decreasing pressures of cpx megacrysts 
(decreasing LAB depths), basalts show geochemical variations consistent 
with decreasing pressure of melt extraction and increasing extent of 
partial melting (e.g., increasing SiO2, Al2O3 and decreasing FeO, MgO, 
TiO2) with gradually diluted “garnet signature” (decreasing [Sm/Yb]N) 
(Figs. 8 & 11). 
It should be noted that the demonstration of the lid effect does not 
negate the effect of other factors such as mantle source heterogeneity on 
the compositional variation of the Cenozoic basalts in eastern China. In 
fact, recycled sediment and oceanic crust materials are known to have 
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Fig. 11. Correlation of location-averaged basalt SiO2, Al2O3, FeO, MgO and TiO2 corrected for the effect of fractional crystallization to Mg# = 72 (i.e., the subscript 
72) (a-e) and [Sm/Yb]N (primitive mantle normalized Sm/Yb) (f) with location-averaged equilibrium pressures of clinopyroxene (cpx) megacrysts in eastern China 
(the calculating methods and results of the pressure values are given in Sun et al., 2020). These basalts are from 10 locations of eastern China as indicated in Fig. 1. 
Each datapoint represents average basalt compositions (Y axis) and average equilibrium pressures (approximating the LAB depth; Sun et al., 2020) of cpx megacrysts 
(X axis) from a given location with 1sd error bars. The data point labeled with “Dalinor” is off the trend, indicating shallower LAB depth than the equilibrium depths 
of cpx megacrysts beneath this region. Modified from Sun et al. (2020). 
P. Sun et al.                                                                                                                                                                                                                                      
Earth-Science Reviews 218 (2021) 103680
14
et al., 2017; Xu et al., 2012a, 2012b), oxygen isotope (e.g., Chen et al., 
2017; Liu et al., 2015) and non-traditional Mg, Fe and Zn isotopes (e.g., 
He et al., 2019; Li et al., 2017b; Liu et al., 2016), and these recycled 
components must have caused varied fertile mantle compositions 
beneath eastern China. However, despite the importance of these recy-
cled components, their effect on the compositional variation of these 
basalts must be secondary because their effect does not overshadow the 
effect of lithosphere thickness variation in Figs. 10 & 11 or else the 
correlations in these figures would not exist. 
We therefore conclude that the lithosphere thickness has significant 
control on the compositions of continental basalts, and the lid effect 
established on oceanic basalts equally well applies to continental 
basaltic magmatism. The demonstration of the lid effect in eastern China 
further proves that the LAB beneath the region is a solidus, below which 
decompression melting occurs, and above which melt solidifies or rises 
through the lithosphere to the surface. 
6. Efficacies of the plate tectonics theory in explaining 
continental magmatism 
The theory of plate tectonics established over 50 years ago has 
revolutionized our understanding of Earth processes. It explicitly ex-
plains the seafloor creation at ocean ridges and consumption at sub-
duction zones with associated magmatism along these plate boundaries. 
However, this theory has long been reckoned as deficient in explaining 
the tectonomagmatic activity in plate interiors. As we stated above, the 
lithosphere thinning in the Mesozoic, the Mesozoic-Cenozoic basaltic 
volcanisms and the ~60–100 km present-day LAB in eastern China are 
all associated genetically with the subduction of paleo and present-day 
Pacific plates and their stagnancy in the mantle transition zone. There-
fore, the thinning of continental lithosphere and associated continental 
intraplate volcanism in eastern China are consequences of plate tec-
tonics. We predict that intra-continental basaltic magmatism at present 
and in Earth's histories must be widespread and significant in response 
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Fig. 12. Timeline cartoon to show the evolution of eastern continental China Since ~190 Ma. (a) The paleo-Pacific plate began to subduct beneath eastern con-
tinental China at ~190 Ma. (b) During ~190–90 Ma, the subducted paleo-Pacific plate was stagnant in the mantle transition zone and released water as a result of 
thermal equilibrium with the ambient mantle. The water as hydrous melts transformed the basal lithosphere into asthenosphere by reducing its viscosity (i.e., 
lithosphere thinning by basal hydration weakening) and caused mantle melting and crustal magmatism, generating the widespread Mesozoic basalts and granitoids in 
space and time. (c) At ~90 Ma, the subduction ceased because of the trench jam by unsubductable exotic terrain (an oceanic plateau or most likely a micro- 
continent). The thinned lithosphere began a ~ 40-Myr period (i.e., ~ 90 to ~50 Ma) of basal accretion. (d) Since ~50 Ma, the present-day west Pacific subduc-
tion initiated with the subducted oceanic plate stagnant in the mantle transition zone. Water released from the mantle transition zone slab hydrates the overlying 
asthenosphere and causes the generation of hydrous melts, which maintain the thinned lithosphere and cause the Cenozoic volcanism in eastern China. 
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7. Conclusion  
1) We reiterate that the Mesozoic lithosphere thinning is not limited 
to the North China Craton (NCC) but occurs throughout the entire 
eastern China including its continental shelf.  
2) We illustrate that the subduction initiation of the paleo-Pacific 
plate at ~190 Ma (Fig. 12a), the stagnancy and dehydration of 
the subducted paleo-Pacific plate in the mantle transition zone 
and basal hydration of the lithosphere caused lithosphere thin-
ning by converting the high viscosity lithosphere at its base into 
the low viscosity asthenosphere (Fig. 12b), i.e., the effect of 
“basal hydration weakening” advocated 16 years ago (Niu, 
2005).  
3) The mantle source of the Mesozoic basalts in eastern China 
changed abruptly from ancient lithospheric mantle to astheno-
sphere at ~110 Ma, which informs that the lithosphere thinning 
was largely completed by this time.  
4) Water released from the mantle transition zone slab can hydrate 
the overlying asthenospheric and lithospheric mantle, lower the 
solidus, cause their partial melting and form voluminous hydrous 
melts which account for the Mesozoic magmatism and the gen-
eration of seismic low velocity zone (LVZ) atop the 
asthenosphere. 
5) The random and widespread distribution of the Mesozoic gran-
itoid plutons in time and space are consistent with a stagnant 
paleo-Pacific plate present in the Mesozoic mantle transition 
zone. Partial melting of the lithospheric mantle caused by basal 
hydration produced hydrous basaltic melts whose underplating 
beneath and intrusion into the lower crust caused crustal 
reworking and generation of these Mesozoic granitoids. 
6) The termination of granitoid magmatism at ~90 Ma is best un-
derstood by subduction cessation of the paleo-Pacific plate. 
Because of the diminishing water supply from the mantle tran-
sition zone slab and because of thermal contraction by conductive 
heat loss, the lithosphere thickness is inferred to be gradually 
thickened by basal accretion of asthenosphere after ~90 Ma 
(Fig. 12c). The geochemical variation of the ~90–50 Ma basalts 
with decreasing ages is consistent with these basalts extracted 
from beneath a progressively thickened lithosphere.  
7) Since ~50 Ma, the present-day west Pacific subduction initiated, 
and its eastward retreat caused eastward drift of continental 
China, leaving the older portions of the present-day Pacific slab 
stagnant in the mantle transition zone with resumed water supply 
in the form of hydrous melt to maintain the thinned lithosphere 
and an oceanic type LVZ beneath eastern continental China, 
which is responsible for the Cenozoic alkali basalt volcanism in 
the region (Fig. 12d).  
8) The present-day asthenosphere-lithosphere boundary (LAB) 
beneath eastern continental China is a solidus. The intersection of 
the geotherm with the amphibole dehydration solidus at ~90 km 
explains the ~80–100 km LAB depth beneath most regions of 
eastern continental China. On the other hand, ~ 60–80 km LAB 
beneath the regions around the Tanlu fault zone implies a water- 
saturated upper mantle or a steeper regional geotherm or both.  
9) The LAB beneath eastern China as a solidus means that the LAB 
defines the final pressure of melt extraction and equilibration in 
the mantle. Therefore, the lithosphere thickness of eastern China 
is expected to have significant control on the compositional 
variation of Cenozoic basalts, i.e., the lid effect. This inference is 
proven by using basalts erupted on both sides of the GGL with 
highly varied lithosphere thickness and is further substantiated 
by using basalts and clinopyroxene megacrysts in the entire 
eastern China.  
10) We conclude that the lithosphere thinning in the Mesozoic, the 
present-day LAB, the seismic LVZ and the Mesozoic-Cenozoic 
basaltic volcanism in eastern China are consequences of plate 
tectonics in response to seafloor subduction, which is of global 
significance for understanding continental lithosphere evolution, 
including basaltic and granitoid magmatism, at present and likely 
also over earth's history. 
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